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Abstract 
Si(100) surfaces were prepared by wet-chemical etching followed by 0.3-1.5keV Ar 
ion sputtering, either at elevated or room temperature. After a brief anneal under 
ultrahigh vacuum conditions, the resulting surfaces were examined by scanning tunneling 
microscopy. We find that wet-chemical etching alone cannot produce a clean and flat 
Si(100) surface. However, subsequent 300eV Ar ion sputtering at room temperature 
followed by a 700°C anneal yields atomically clean and flat Si(100) surfaces suitable for 
nanoscale device fabrication.  
 
 
 
 
 
 
 
 
 
PACS: 61.16.Ch; 61.80.Jh;61.82.Fk; 68.35.Bs; 81.65.Cf; 85.40.Ux 
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Atomically clean and well-ordered Si(100) surfaces can be routinely obtained by 
flashing the samples to 1250°C [1]. However, in nanoscale device fabrication, concerns 
over alterations in the dopant profile and damage to prefabricated structures limit the 
thermal budget. Therefore, low temperature preparation techniques such as ex situ wet 
chemical cleaning and in situ ion sputtering are appealing.  Etching in NH4F solution 
creates a very flat Si(111) monohydride surface [2], and etching in diluted HF solution 
produces somewhat ordered Si(100) surfaces [3]. However, it is very difficult to 
eliminate contamination on the ex situ treated surfaces. Oxygen and carbon have long 
been recognized as the two major contaminants on Si surfaces, and carbon is by far the 
most difficult to remove.  Based on Auger Electron Spectroscopy (AES), Joyce reported 
that impurity-free surfaces can be prepared by 0.2-2 keV inert gas ion bombardment 
followed by annealing at ~700°C [4].  However, besides impurities, surface smoothness 
is also a major concern in nanoscale device fabrication.  The irradiation damage, 
including displacement of silicon atoms and incorporation of irradiating ions and surface 
contaminants into the bulk, must also be addressed. Effects of ion energy, species, flux, 
fluence, and substrate temperatures during ion sputtering and annealing have all been 
subject to intensive studies, but a consistent picture is still lacking due to the very wide 
range of ion sputtering and sample preparation conditions, and limited sensitivity of the 
characterization instruments [5-13]. 
The ion-surface interaction as a function of ion energy and substrate temperature on 
clean Si(100) surfaces has been previously investigated. At low ion fluences and 
sufficiently high substrate temperatures, Si(100) surfaces remain crystalline [5-8]. 
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Bedrossian observed that the Si(100) surface sputtered by 200eV Xe ions at 500°C is 
smoother than the surface sputtered by 200eV ions at room temperature (RT) followed by 
annealing at 500°C [8], suggesting that ion sputtering at elevated temperatures is 
favorable in obtaining smooth surfaces. 
The scenario becomes complicated, however, by the presence of surface 
contamination from wet-chemical etching and residual gas adsorption in ultrahigh 
vacuum (UHV) chambers. Based on the results of medium energy ion scattering (MEIS) 
Al-Bayati et al. concluded that the thickness of the disordered layer due to Ar ion 
sputtering decreases with substrate temperatures from RT to 400°C at ion energy 510eV, 
and increases with ion energies from 60eV to 510eV at 200°C [9]. Furthermore, even low 
energy (110eV) Ar ion bombardment on native-oxide-covered or H-terminated Si(100) 
surfaces at RT can create a significant amount of the damage in the near-surface region 
which cannot be annealed out at 800°C [10]. Ar ion sputtering also creates more stable 
defects at 800°C than at RT [10]. which is consistent with an earlier observation by Bean 
et al.[11]. The subsurface damage is attributed to the formation of SiC, due to dynamic 
ion mixing and incorporation of Ar [10], which can be enhanced by elevated 
temperatures during ion sputtering [12]. Note that subsurface damage may not be 
revealed by some surface techniques, as evidenced by relatively good reflection high 
energy electron diffraction (RHEED) patterns obtained in sputtering of native-oxide-
covered Si(100) surfaces with 100-200eV Ar ions at substrate temperatures of 400-500°C 
[13]. Thus, real space measurement of the surface topography could shed light on some 
of these issues. 
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In this letter, we focus on two issues relevant to nanoscale device fabrication:  (1) 
how to remove surface contaminants with low energy ion sputtering, and (2) how to 
minimize the irradiation damage in the near-surface region. In general, wet-chemically 
etched surfaces are contaminated with carbon. We found that complete amorphization of 
wet-chemically etched Si(100) surfaces by 300eV Ar ion sputtering at RT, followed by a 
~5min 700°C anneal, can result in a flat, atomically clean surface with vacancy lines. 
Higher energy ion sputtering and ion sputtering at elevated temperatures causes 
multilayer ion erosion. 
Our samples were cut from both n- and p-type 0.1Ω-cm Si(100) wafers. Ion 
sputtering was performed in the UHV chamber backfilled with Ar to 5x10-5 Torr. Typical 
ion beam current is 11µA, which corresponds to an estimated ion flux of 3x1013 cm-2s-1.  
The ion incidence angle is 50° from surface normal. The details of H-termination and 
patterning that we use have been reported previously [14]. 
Despite extensive investigations [3,15-17], wet-chemical etching of Si(100) has yet 
to produce large-scale atomically flat surfaces. Even after the standard RCA[18] or 
Shiraki[19] cleaning procedures and prompt loading into the UHV system, we cannot 
remove the surface carbon contamination completely [20]. Typically after RCA cleaning 
and 3% HF etching, the Si(100) surfaces are characterized by small hillocks [16].  If the 
surface is free from contamination, a 3-min anneal at 500°C should produce a very flat 
surface, based on our observations of silicon homoepitaxy. As depicted in Fig.1(a), the 
surface annealed at 500°C has irregular terraces with a roughness of 1.4nm. Fig 1(b) 
shows SiC crystallites on top of wide and flat terraces after annealing the chemically-
etched surface at above 700°C. This result demonstrates that, in a typical laboratory 
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environment, great effort is required to minimize carbon contamination on Si surfaces 
from water, ambient air or carbon-containing molecules inside the UHV chamber.    
Since ion bombardment can induce SiC formation at RT at energies as low as 
100eV [13], Si surface morphology during ion sputtering in the presence of carbon is a 
result of competition between sputtering removal and creation of SiC. We observe that 
sputtering of HF-etched Si surfaces by 300-400eV Ar ions at RT with a fluence of 1x1017 
cm-2 completely amorphizes the near-surface region with a negligible amount of carbon 
contamination. Subsequent annealing at 500°C for 5min yields a Si(100) surface with a 
number of small terraces of lateral dimension < 20 nm and a roughness of more than 10 
atomic layers [20]. However, after annealing at 700°C for 5min the surface is atomically 
clean and flat, as shown in Fig. 2(a). After the annealing, the surface has been terminated 
by H in situ to protect the surface from contaminants; small bright protrusions are a few 
remaining dangling bond sites. Fig. 2(b) shows that this surface can be selectively 
patterned by desorbing H atoms using 7eV electrons emitted from the STM tip [14]. It is 
not clear at this point if the line vacancies running perpendicular to the underlying dimer 
rows in Fig. 2(b) are induced by Ar retention or vacancy diffusion [21]. However, we 
believe that no significant adverse effects would result from these vacancy lines in 
subsequent nanoscale device fabrication. 
Despite a higher sputtering yield to remove surface contaminants, many undesirable 
effects occur in ion bombardment at elevated temperatures, including higher diffusion of 
contaminants and incorporated Ar, enhanced formation of subsurface defect complexes 
such as SiC, dislocation, and vacancy clusters [10,12], and surface roughening [22]. Ion 
sputtering of an HF-etched Si(100) surface by 400eV Ar ions at 700°C yields a surface 
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with many SiC crystallites [20]. Although surface carbon contamination can be 
completely eliminated by 1.5keV Ar ion sputtering at 700°C, terraces up to 12 atomic 
layers are produced [20]. Therefore, even when Si(100) surfaces prepared by ion 
sputtering at elevated temperatures display a decent RHEED pattern [13], those surfaces 
may not be flat enough for nanoscale device fabrication and could have substantial 
subsurface carbon that has not yet agglomerated into SiC crystallites. 
We also studied surface roughening after ion sputtering on clean Si(100) surfaces at 
elevated temperatures. At 700°C, 400eV Ar ion sputtering results in a very flat surface; 
but raising the ion energy to 600eV and 800eV leads to increasing surface roughening as 
shown in Fig. 3. This result illustrates the interplay of competing kinetic processes during 
ion sputtering at elevated temperatures, including the production of surface defects 
(vacancies and adatoms) and their diffusion and annihilation at step edges [22]. 
RT ion sputtering produces an amorphized layer near the surface and suppresses the 
mobility of irradiation damages. With sufficient sputtering rate to minimize carbon 
concentration in the amorphized layer, it is possible to regenerate a clean and flat surface 
by a minimal annealing. For a dopant concentration of 1x1020 cm-3, As, P, and Sb diffuse 
less than 0.4nm and B diffuses ~ 3.2nm in 5 min at 700°C [23]. acceptable for nanoscale 
device template applications.  
This work was supported by NSF under Grant No. 9875129 (TCS), ARDA/ARO 
under Grant No. DAAD19-00-R-0007, and DARPA QuIST under Grant No. DAAD19-
01-1-0324. 
 8
 
References 
[1]   R. C. Henderson, R. B. Marcus, W. J. Polito,  J. Appl. Phys. 42 (1971) 1208. 
[2]  G. S. Higashi, Y. J. Chabal, G. W. Trucks, K. Raghavachari, Appl. Phys. Lett. 56 
(1990) 656. 
[3]  K. Arima, K. Endo, T. Kataoka, Y. Oshikane, H. Inoue, Y. Mori, Appl. Phys. Lett. 76 
(2000) 463.  
[4]  B.A. Joyce, Surf. Sci. 35 (1973) 1. 
[5] H. J. W. Zandvliet, H. B. Elswijk, E. J. van Loenen, I. S. T. Tsong, Phys. Rev. B46 
(1992) 7581. 
[6] P. Bedrossian, T. Klitsner, Phys. Rev. Lett. 68 (1992) 646. 
[7] B. S. Swartzentruber, C. M. Matzke, D. L. Kendall, J. E. Houston, Surf. Sci. 329 
(1995) 83. 
[8] P. Bedrossian, Surf. Sci. 301 (1994) 223. 
[9]  A. H. Al-Bayati, K. G. Orrman-Rossiter, R. Badheka, D. G. Armour, Surf. Sci. 237 
(1990) 213. 
[10]  A. H. Al-Bayati, K. G. Orrman-Rossiter, D. G. Armour, Surf. Sci. 249 (1991) 293. 
[11]  J. C. Bean, G. E. Becker, P. M. Petroff, T. E. Seidel, J. Appl. Phys. 48 (1977) 907. 
[12]  L. J. Huang, W. M. Lau, H. T. Tang, W. N. Lennard, I. V. Mitchell, P. J. Schultz, 
M. Kasrai, Phys. Rev. B50 (1994) 18453.  
[13]  S. M. Lee, C. J. Fell, D. Marton, J. W. Rabalais, J. Appl. Phys. 83 (1998) 5217. 
[14] T.-C. Shen, Ph. Avouris, Surf. Sci. 390 (1997) 35. 
[15] Y. Morita, H. Tokumoto, Appl. Phys. Lett. 67 (1995) 2654. 
 9
[16] U. Neuwald, H. E. Hessel, A. Feltz, U. Memmert, R. J. Behm, Surf. Sci. Lett. 296 
(1993) L8. 
[17] K. Usuda, K. Yamada, J. Electrochem. Soc. 144 (1997) 3204. 
[18] W. Kern, Semiconductor International, April 1984, p.94. 
[19] A. Ishizaka, Y. Shiraki, J. Electrochem. Soc. 133 (1986) 666. 
[20] Details will be published elsewhere. 
[21] H. Feil , H. J. W. Zandvliet, M.-H. Tsai, J. D. Dow, I. S. T. Tsong, Phys. Rev. Lett. 
69 (1992) 3076. 
[22]  S. J. Chey, J. E. Van Nostrand, D. G. Cahill, Phys. Rev. B52 (1995)16696. 
[23] H.-J. Gossmann, E. F. Schubert, Crit. Rev. Solid State Mater. Sci. 18 (1993)1. 
 10
Figure Captions 
Fig. 1: STM image of Si(100) surface prepared by RCA cleaning followed by (a) 3% HF 
etching and 3 min annealing at 500°C and (b) 5 min annealing at 1000°C only. 
 
Fig. 2: (a) STM image of H-terminated Si(100) surface prepared by 300eV Ar ion 
sputtering at a fluence 1×1017 cm-2and subsequent 5min annealing at 700°C. (b) Surface 
of (a) after desorbing a line of hydrogen by 7V electrons from the STM tip. 
 
Fig. 3: STM image of Si(100) surface after (a) 800eV Ar ion sputtering with a fluence 
5×1015 cm-2 at 600°C and (b) 600eV Ar ion sputtering with a fluence of 4×1015 cm-2 at 
700°C. 
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